An ultrawideband random noise (white Gaussian noise) radar system operating in the 1-2 GHz frequency range has been used to estimate the Doppler spectra of moving objects. A unique technique has been developed to introduce coherence into the system by performing heterodyne correlation of the received signal with the time delayed replica of the transmitted signal. This operation preserves the phase of the reflected signal which is generally lost in traditional homodyne correlation receivers. Knowledge of the phase of the received signal and its time dependence due to the motion of the target permits the system to be configured as a Doppler radar for detecting both linear and rotational motion. This paper describes the basic theory of random noise Doppler radar and presents simulated and experimental results obtained using the University of Nebraska's 1-2 GHz random noise radar system.
INTRODUCTION
In general, noise radar has many advantages, such as high reliability, small size, low power dissipation, immunity from interference, and ECM-resistance. The University of Nebraska has developed a random noise radar system which utilizes an ultrawideband random noise signal with constant power spectral density (PSD) in the 1-2 GHz frequency range. The system is interfaced to a personal computer, and acquired data are stored in real-time on the computer's hard drive. Data were gathered from a variety of different targets, specifically targets exhibiting varying linear and rotational velocities. Simulation studies and performance tests confirm the system's ability to preserve the instantaneous phase of the received signal despite the fact that the transmitted signal is white Gaussian random noise.
This paper provides both simulated and experimental results which demonstrate the ability of the system to be used as Doppler radar.
RADAR SYSTEM DESCRIPTION
A simplified block diagram of the random noise Doppler radar is shown in Fig. 1 . The noise source OSC1 produces a signal with a Gaussian amplitude distribution, constant PSD, and average output level of 0 dBm (1 mW) in the 1-2 GHz frequency range. The noise source output is split into two equal in-phase components in power divider PD1. One of the outputs is amplified in a broadband 34 dB gain medium power amplifier AMP1 and transmitted via a horn antenna ANTi. The E/H plane beamwidths and gain of ANTi at 1.5 GHz are 23°, 34°, and 17 dB respectively. The second output of PD1 is connected to a combination of a fixed delay line DL1 and a digitally controlled variable delay line DL2. The fixed delay line is used to set the minimum range to the target, while the variable delay line can be programmed for delays from 0 to 19.968 ns in 0.156 ns steps. The delay line output is mixed with the output of a 160 MHz phase-locked oscillator 05C2 (through power divider PD2) in a lower sideband upconverter MXR1. The upconverter output, in the 0.84-1.84 GHz frequency range, feeds power divider PD3, whose outputs feed each receive chain.
One of the outputs of PD3 is amplified in AMP4 and fed to mixer MXR2. A 1-2 GHz signal received by antenna ANT2 and amplified through low noise amplifier AMP2 provides the second input to mixer MXR2. Thus, the output of mixer MXR2 is always at 160 MHz, since the two mixer inputs are shifted by 160 MHz. However, the phase of the received signal at the input to antenna ANT2 is preserved in the mixing operation.
The 160 MHz output of MXR2 is filtered in a 160 MHz bandpass filter FL1 and split in power divider PD5. One of the outputs of PD5 is amplified in logarithmic amplifier AMP7 to yield the signal amplitude, and the other output is fed to I/Q detector IQD1. The 160 MHz master oscillator OSC2 also feeds IQD1. Thus, IQD1 yields the in-phase (I) and quadrature (Q) components of the received signal. A similar receiver is used for the second receive chain connected to antenna ANT3. Receive antennas ANT2 and ANT3 are broadband constant 7.5 dB gain log-periodic antennas with E/H plane beamwidths of 65° and 1000, respectively.
THEORETICAL CONSIDERATIONS
Since the transmitted amplitude has a Gaussian amplitude distribution and uniform power spectral density, it can be modeled as1:
where a(t) represents the Gaussian amplitude distribution, wo is the center frequency at 1.5 GHz, 5w is uniformly distributed over the 0.5 GHz frequency range, and is the arbitrary transmitter phase.
The time delayed version of the transmitted signal, vt(t), is mixed in MXR1 with the reference frequency Wref at 160 MHz to produce the lower side band output, Vmi(t), given by:
where k1 is some constant and 'r is the delay. The echo from the target is expressed as Vr(t) = k2a(t)pcos {(wo + Sw) (t -
where c is the velocity of light, p and '/ are the amplitude and phase of the target reflectivity, and the term 2R/c represents the time taken by the transmitted wave to return to the receiver from the target, at range R. The instantaneous phase of the echo voltage can be defined as2: is the instantaneous wavelength. If the target is in motion, br will change with time, and equation (3) can be written as Vr(t) k2a(t)pcos {(w0 + w -
where V is the target velocity given by dR/dt and k2 is a constant. This received echo is mixed with the output of MXR1 at a delay time set equal to 2R/c, yielding
where k3 is some constant. The output of MXR2 and Wref are fed to the I/Q detector producing inphase and quadrature components that are proportional to the cosine and sine of the phase difference respectively, I = kicos{_t+s}
where k1 and kQ represent the amplitudes of the I and Q components, respectively. We note that the I and Q outputs are time-varying functions depending upon the target velocity V. The Doppler frequency fd, is given by (1/2ir) times the total phase, and can be shown to be equal to: fd=- However, in practice, all random frequencies in the range of 1-2 GHz are not always present. Therefore, it is required that the frequency components be averaged over longer intervals. Since samples are uncorrelated and statistically independent of each other, an average power spectral density, 8(w) from N trials can be computed as =>Sj(w) (13) where S(w) is the PSD estimate at each frequency per trial, and N is the total number of trials.
This averaging results in a peak Doppler spectra corresponding to fdo=-
where A0 = 0.2 m, corresponding to the mean transmit frequency of 1.5 GHz. Figures 2(a-d) , the simulated Doppler spectra of linear motion are presented. The target is assumed to be moving along the boresight direction towards the radar with constant velocities of (a) 1.1 m/s, (b) 1.8 m/s, (c) 2.3 m/s, and (d) 2.3 1 m/s. From these figures, it is seen that as the target velocity increases, the Doppler center frequency and spread increase. The spread is symmetric around the center frequency, for a constant target velocity i.e. cases (a), (b) and (c), and the target velocity can be extracted using equations (11), (12) and (14). Figure 2(d) corresponds to a case with non-uniform velocity which shows that as the target velocity changes, the Doppler spread is asymmetric around the center frequency. The lower cutoff frequency yields information on the minimum speed, and the upper cutoff frequency yields information on the maximum speed.
(2) In Figures 3(a,b) , the Doppler spectra of a fixed rotating target are presented for 40 rpm and 75 rpm, respectively. The radius of rotation is assumed to be 0.15 m. The spectrum contains all frequencies from -fdh to + fdh, including frequencies at and close to DC. The outer skirt of the spectra corresponds to the upper limit of the transmitted frequency and provides information on the target's rotational speed if its radius is known. Also, it is seen that as the rotational speed increases, the spectrum correspondingly widens.
EXPERIMENTAL RESULTS
The results of preliminary measurements carried out using the random noise radar are depicted in Figures 4 and 5. The target approached along boresight direction with approximate uniform velocities of 1.1 m/s, 1.8 m/s, and 2.3 m/s. These targets were small corner reflectors with side lengths of 10 cm. The total range of the radar is subdivided into 22 range bins, each having a resolution of 15 cm, and the radar was operated in the 20th range bin. Since a single target passes through a specific range bin very swiftly, the number of collected samples will be too small for meaningful observation. So, an array of 10 corner reflectors were placed one in front of the other on a 0.5 m long wooden strip. This wooden strip was then used as the target. For comparison purposes and to obtain a good reference, each experiment was also repeated at a fixed 1 GHz transmitted frequency. Furthermore, all experiments were repeated eight times, and their respective PSD's were averaged as shown in equation (13). (2) Figures 5(a,b) show the Doppler spectra of a rotational target at (i) 40 rpm and (ii) 75 rpm. The radius of rotation is 0.15 m, and the results were averaged over four experiments. The experimental results compare very favorably with the simulated results shown in Figures 3(a,b) . This again proves that the random noise radar is indeed capable of estimating Doppler frequencies, though for rotational Doppler further investigations are required. 
CONCLUSIONS
The experiments demonstrate the potential of random noise radar to be used as a Doppler radar. The radar's unique concept synergistically combines the advantages of random noise transmission with the power of coherent signal processing to yield a powerful technique for velocity tracking and scanning applications. The advantages of random noise radar, such as its small size, low power and immunity from interference, make it a promising candidate for civilian and military applications.
